Fluctuation magnetoconductivity and magnetization above the superconducting transition temperature (Tc) are measured on the recently discovered 112 family of iron-based superconductors (IBS), Ca1−xLaxFe1−yNiyAs2, which presents an extra As-As chain spacer-layer. The analysis in terms of a generalization of the Lawrence-Doniach (LD) approach to finite applied magnetic fields indicates that these compounds are among the most anisotropic IBS (γ up to ∼ 30), and provides a compelling evidence of a quasi -two-dimensional behavior for doping levels near the optimal one.
I. INTRODUCTION
All families of iron-based superconductors (IBS) share a similar crystal structure consisting of FeAs superconducting layers separated by spacer layers that determine many of their properties. 1 Recently it has been discovered a new class of IBS (the 112 family) based in the compound Ca 1−x La x FeAs 2 , 2 that has raised a great interest. [3] [4] [5] [6] [7] [8] [9] [10] In addition to the Ca/La spacer layer, these compounds present an extra spacer layer with zigzag As chains that introduces an additional electron band near the Fermi level. 6, 9 In agreement with a previous theoretical study 7 this band presents a Dirac-cone structure, 10 which led to the recent proposal that these compounds may behave below T c as natural topological superconductors. 7, 10 The extra As layer also increases significantly the distance between the superconducting FeAs layers (up to ∼ 10.3Å) as compared with the most studied IBS families. This could strongly enhance the superconducting anisotropy, and even affect the spatial dimensionality of the superconducting order parameter, at present an open issue in IBS. For instance, compounds with smaller FeAs layers interdistance were claimed to present 2D characteristics (e.g., LiFeAs, 11, 12 FeSe 1−x Te x , 13 and SmFeAsO 14, 15 ), although recent works in the same or similar compounds suggest a 3D anisotropic behavior.
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Here we study the anisotropy and dimensionality of high-quality 112 single crystals through measurements of the conductivity induced by superconducting fluctuations above T c , ∆σ. Fluctuation effects are also a powerful tool to determine other fundamental superconducting parameters as the coherence lengths or the critical fields, 23, 24 and are even sensitive to the multiband electronic structure. [25] [26] [27] The experiments were performed with magnetic fields H up to 9 T applied both parallel and perpendicular to the FeAs (ab) layers. These field amplitudes are large enough to explore the socalled finite-field or Prange fluctuation regime, 23, 24 and to quench the unconventional behavior observed in IBS below ∼ 1 T, usually attributed to phase fluctuations 28 or to a T c distribution. 26, 29 To analyze the data the Gaussian LD approach for ∆σ (see Ref. 30 ) is generalized here to the finite-field regime and to high reducedtemperatures through the introduction of a total-energy cutoff. 31 These data are complemented with measurements in another single crystal of the fluctuation-induced magnetization around T c , ∆M . This observable is proportional to the effective superconducting volume fraction and confirms the bulk nature of the superconductivity in these materials. It also provides an important consistency check of the results.
Details of the crystals growth and characterization are presented in § II, the measurements and analysis of ∆σ and ∆M in § III and § IV, respectively, the discussion of the results in § V, and the conclusions in § VI.
II. CRYSTAL GROWTH AND CHARACTERIZATION
The composition of the single crystals used in the experiments is Ca 1−x La x Fe 1−y Ni y As 2 with x = 0.17 − 0.20 and y = 0.044 (3) . The partial substitution of Fe by Ni (or Co) improves the superconducting properties and sharpens the superconducting transition, 8, 32 which is essential to study critical phenomena around T c . They were grown by a self-flux method. The precursor materials CaAs, LaAs, FeAs, and NiAs were grinded with a molar ratio 3.7 : 0.3 : 0.95 : 0.05. The mixed powder was then pressed into a pellet, loaded into an Al 2 O 3 crucible and sealed into a quartz tube. The ampoule was heated to 1180
• C, slowly cooled down to 950
• C, and then to room temperature. After cracking the melted pellet, shining plate-like single crystals with typical size 1×1×0.05 mm 3 could be obtained. A thorough description may be seen in Ref. 33 .
The stoichiometry of the three crystals used in the experiments (#6, #9 and #11) was checked by energydispersive x-ray spectroscopy (EDX), performed with a Zeiss FE-SEM Ultra Plus system. EDX spectra were taken in five different points in each crystal (some examples are presented in Fig. 1 ). The average stoichiometry is presented in Table I , where the number in parenthesis represent the standard deviation. The differences from crystal to crystal in the average La content are slightly beyond the deviation, which will be useful to explore the dependence of superconducting parameters on the La doping level.
The crystallographic structure was studied by x-ray diffraction (XRD) by using a Rigaku MiniFlex II diffractometer with a Cu-target. The θ−2θ patterns (see Fig. 2 ) present only (00l) reflections, which indicates the excellent structural quality of the crystals. The resulting caxis lattice parameter (that is the same as the FeAs layers interdistance, s) is about 10.34Å (see Table I ), in agreement with data in the literature for crystals with a similar composition. The resistivity along the ab layers, ρ, was measured in crystals #6 and #9 with a Quantum Design's Physical Property Measurement System (PPMS) by using a four-wire technique with 1 mA excitation current at 71 Hz. The ρ(T ) H behavior around T c for both H ab and H ⊥ ab is presented in Fig. 3 . The T c values (see Table II) were estimated from the midpoint of the resistive transition in absence of field. The slight difference may be attributed to the above mentioned differences in the La content. The transition half-widths, estimated from the 50%-10% criterion (above 50% intrinsic fluctuation effects also contribute to the transition widening), are around 0.6 K. This allowed to investigate fluctuation effects down to reduced temperatures ε ≡ ln(T /T c ) as low as 0.03. The resistivity rounding due to fluctuations ex- tends in both samples up to ∼ 30 K (ε ≈ 0.4), and is larger in amplitude than in other IBS with a similar T c and normal-state resistivity. 29, 34 The Aslamazov-Larkin (AL) model for 3D anisotropic superconductors predicts that ∆σ ∝ ξ −1 c (0), 23, 24 where ξ c (0) is the c-axis coherence length amplitude. Thus, the enhanced fluctuation effects in 112-IBS is a first indication that these materials present a smaller ξ c (0), and may present a quasi-2D behavior if it is smaller than the FeAs-layers distance. This seems to be the case in view of the almost inappreciable T c (H) shift for H ab, mainly in crystal #6. behavior at higher temperatures, qualitatively similar to the one observed well above T c in other 112 compounds and attributed to magnetic/structural phase transitions. 
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Crystal #9
The resulting ∆σ(T ) H for this crystal is presented in Fig. 4 . These data are first analyzed in terms of the Gaus- sian 3D-anisotropic Ginzburg-Landau (GL) approach developed in Ref. 29 , that includes a cutoff in the energy of the fluctuation modes, 31 and is valid beyond the zerofield limit,
Here ψ 1 is the first derivative of the digamma function, e is the electron charge,h is the reduced Planck constant, h = H/H c2 (0) is the reduced magnetic field, H c2 (0) is the upper critical field linearly extrapolated to T = 0 K (H As expected, in the zero-field limit (h ≪ ε) and in absence of cutoff (c → ∞) it reduces to the conventional 3D-AL expression.
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The analysis for H ⊥ ab is presented in Fig. 4(a) . The lines are the best fit of Eq. (1) to the data obtained under magnetic fields from 1 to 4 T and up to ∆σ = 8 × 10 4 (Ωm) −1 (indicated by an arrow). We have checked that extending the fitting region above this ∆σ value increases significantly the root-mean-square devia-tion (RMSD). Then, this ∆σ limit may be associated to the onset of the critical region, where fluctuation effects are so large that the Gaussian approximation is no longer valid and Eq. (1) is not applicable. In what concerns the magnetic field range, data obtained with µ 0 H ≥ 5 T were excluded because they considerably worsened the fit quality. In view of the H c c2 (0) value resulting from the analysis (see below), this may be associated to the limit of applicability of the theory. In turn, we excluded data below 1 T because in this region ∆σ(H) presents an anomalous upturn [see the inset in Fig. 4(b) ], an effect already observed in other IBS and attributed to the possible presence of phase fluctuations 28 but also to a T c distribution.
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The values obtained for the two fitting parameters are ξ c (0) = 3.8Å and µ 0 H 2 , which is associated to the reduced temperature for the 3D-2D crossover, 23 is ∼ 0.55, above the onset of fluctuation effects.
The analysis for H ab is presented in Fig. 4(b) , where the solid lines were obtained without free parameters, by using in Eq. (1) 
Crystal #6
The ∆σ behavior of this crystal is presented in Fig. 5 . As it may be seen in the inset in (b), ∆σ presents a monotonous behavior when H → 0 near T c , suggesting that T c inhomogeneities or phase fluctuations play a negligible role in this sample. A first comparison with the theory may be then done with the data obtained with H = 0. As it is shown in the inset in Fig. 5(a) , the ∆σ(T, H = 0) amplitude is appreciably larger than the one predicted by the 3D approach by using the ξ c (0) value previously found in crystal #9, and c = 0.37 (according to the ε-value at which ∆σ vanishes in crystal #6). A smaller ξ c (0) value (about 1Å) leads to an acceptable agreement with the data, but is inconsistent with a 3D behavior (it would lead to r ≈ 0.04, so that the system should behave as 2D in almost all the accessible ε range). In turn, the conventional 2D-AL approach, ∆σ = e 2 /16hsε (dotted line) where s is the FeAs-layers interdistance, strongly overestimates the experimental ∆σ. The agreement improves 
where the sum over Landau-levels is to be performed up to n max = (c − ε)/2h − 1, resulting ∆σ LD = e 
In the low field limit h ≪ ε this expression reduces to
that in the absence of cutoff (c → ∞) leads to the conventional LD paraconductivity.
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The solid line in the inset of Fig. 5(a) is the best fit of Eq. (4) to the data obtained with H = 0 and up to ∆σ = 8 × 10 4 (Ωm) −1 . By using a fitting region above this ∆σ value increases significantly the RMSD, so this ∆σ limit may be associated to the onset of the critical region where Eq. (4) is not applicable. The value obtained for the only free parameter is r = 0.016, which leads to ξ c (0) = 0.65Å, a value more than one order of magnitude smaller than the FeAs layers interdistance. The solid lines in the main panel of Fig. 5(a) are the best fit of Eq. (3) to the data obtained with H ⊥ ab up to 9 T and up to the same limit, ∆σ = 8 × 10 4 (Ωm) −1 . In this case we used the above r and c values, and obtained for the only free parameter µ 0 H c c2 (0) = 88.1 T. This value leads to ξ ab (0) = [φ 0 /2πµ 0 H c c2 (0)] 1/2 = 19.3Å, and to an anisotropy factor as large as γ = ξ ab (0)/ξ c (0) ≈ 29.7. This result is confirmed by the inappreciable effect on ∆σ of magnetic fields parallel to the ab layers, see Fig. 5(b) .
IV. MAGNETIZATION INDUCED BY FLUCTUATIONS AROUND Tc
A. Experimental details and results
In order to confirm the above results we have performed additional measurements of the magnetization (M ) induced by superconducting fluctuations in crystal #11. As commented above, this observable is proportional to the effective superconducting volume fraction, and is suitable to confirm the bulk nature of the superconductivity in these compounds. The measurements were performed with a Quantum Design's magnetometer (model MPMS-XL). The crystal was measured with H perpendicular to the ab layers. For that we used a quartz sample holder (0.3 cm in diameter, 22 cm in length) with a ∼ 0.3 mm wide groove perpendicular to its axis, into which the crystal was glued with GE varnish. Two plastic rods at the sample holder ends (∼ 0.3 mm smaller than the sample space diameter) ensured that its alignment was better than 0.1
• . As a first magnetic characterization, in Fig. 6(a) it is presented the temperature dependence of the low field (0.3 mT) zero-field-cooled (ZFC) magnetic susceptibility, χ = M/H. This measurement is corrected for demagnetizing effects by using as demagnetizing factor D = 0.86, as it results by approximating the crystal shape by an ellipsoid. As it may be seen, χ is near the ideal shielding value of -1 just below the diamagnetic transition. T c ≈ 21.8 K was estimated as the temperature at which dχ/dT is maximum, and the transition width as ∆T c = T (χ = 0) − T c ≈ 1 K, that will allow to study the fluctuation-induced magnetization in a wide temperature region above T c (see below).
To measure the effect of superconducting fluctuations above T c (which is in the 10 −6 emu range), for each temperature we averaged eight independent measurements, from which we excluded the ones that deviate more than the standard deviation from the average value. The final resolution in magnetic moment, m, was in the ∼ 10 −8 emu range. The as-measured m(T ) data around T c are presented in Fig. 6(b) . The solid (open) data points were obtained under ZFC (FC) conditions. As it is clearly seen, the reversible region extends a few degrees below T c , allowing to study the critical fluctuation regime. Just above the irreversibility temperature m(T ) presents an upturn that grows in amplitude with H. A very similar effect has also been observed in low-T c alloys and has been attributed to surface superconductivity. 35 In the following we will restrict the analysis of fluctuation effects to temperatures above this anomaly.
Some examples of the m(T ) H behavior above T c are presented in Fig. 6(c) . In view of the almost constant temperature dependence, the background magnetic moment was determined by fitting a linear function, m B (T ) = a + bT , between 27.5 K (a temperature above which the rounding due to fluctuation effects is not appreciable) and 50 K. The temperature dependence around T c of the magnetization induced by fluctuations ∆M = (m − m B )/V H (where V is the crystal volume) is presented in the inset of Fig. 7 .
B. Analysis in the critical region
A first direct analysis of the data may be done through Tesanović's approach for the magnetization in the critical region of 2D materials. 36 This model predicts that the ∆M (T ) curves obtained under different H amplitudes cross at ∆M * = −k B T * /φ 0 s, ∆M * and T * being the crossing point coordinates. In the case of crystal #11 the crossing occurs at much smaller ∆M amplitude (the the inset in Fig. 7) , suggesting that the behavior in the critical region may be closer to the one of a 3D superconductor. In this region, the 3D-GL approach in the lowest-Landau-level approximation predicts a scaling behavior in the variables 37,38
and
where
. This scaling was probed by using the above determined T c (see Table  II) , and H c c2 (0) as the only free parameter. The H c c2 (0) value that minimizes the χ 2 with respect to a reference isofield data (4 T) is 45 T, although values between 40 and 50 T still lead to very similar scalings (the corresponding χ 2 are within ∼ 1%). As it may be seen in the main panel of Fig. 7 , the 3D scaling is confirmed in spite of the noise affecting the largest applied magnetic fields. The associated in-plane coherence length amplitude is ξ ab (0) = 27.0 ± 1.5Å.
The 3D behavior in the critical region may still be consistent with a 2D behavior well above T c if the transverse coherence length ξ c (T ) shrinks to values well below the interlayer distance s. In fact, this is the case of a well known quasi-2D superconductor like optimallydoped YBa 2 Cu 3 O 7−δ , which presents a 3D behavior in the critical region, 39 and a 3D-2D transition in the Gaussian region well above T c , at reduced temperatures around 0.1.
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C. Analysis in the Gaussian region
The fluctuation magnetic susceptibility in the Gaussian region above T c is presented in Fig. 8 . This measurement correspond to µ 0 H = 1 T. Lower applied magnetic fields lead to a proportionally lower signal to noise ratio, and for fields above 1 T the SQUID's sensitivity decreases significantly. In addition, 1 T is still much smaller than µ 0 H c c2 (0) ≈ 45 T, so that the data are in the so-called low-field (or Schmidt) limit in which finite-field effects may be neglected. In this limit the LD model under a total-energy cutoff leads to
.
(7) Here k B is the Boltzmann constant, µ 0 the vacuum magnetic permeability, φ 0 the flux quantum, and c = ln(T onset /T c ) the total-energy cutoff constant. When the LD parameter is r ≪ 1 or r ≫ 1, and in absence of cutoff (c → ∞), this expression reduces to the classic results for the 2D or 3D limits, respectively. By using the T c and ξ ab (0) values determined in the analysis of the critical region, and c = 0.23 as corresponds to the above determined T onset = 27.5 K, the analysis depends only on r. The solid line in Fig. 8 is the best fit to the experimental data down to 22 K, which is very close to T c . Below this temperature, the theory strongly overestimates the measured ∆M/H amplitude, which may be due to the onset of critical fluctuations. Note also that T c inhomogeneities are expected to play a non negligible role for temperatures above T c [1 + ∆T c /T c − H/H c c2 (0)], which is close to 22 K. The LD parameter resulting from the fit is r = 0.13 ± 0.03, where the uncertainty comes from the one in the H c c2 (0) value. The r value is well below the onset reduced temperature, which confirms the quasi-2D nature of this material. The associated transverse coherence length is ξ c (0) = 1.9 ± 0.2Å, that when combined with the above ξ ab (0) leads to an anisotropy factor as high as γ = ξ ab (0)/ξ c (0) = 14 ± 1. The superconducting parameters for crystal #11 are also summarized in Table II. Just for completeness, the dot-dashed and dashed lines in Fig. 8 are the 2D and 3D limits of Eq. (7), evaluated by using r = 0 and 0.55, respectively (this last reference value corresponds to the ξ c (0) value of the 3D crystal #9).
V. DISCUSSION
Bulk nature of the superconductivity
The detailed characterization presented in Ref. 33 shows the bulk nature of the superconductivity in these compounds. The agreement of ∆M with the LD theoretical approach, and the fact that the resulting superconducting parameters are within the ones obtained from ∆σ, further confirms this point, and also our conclusions about the high anisotropy and quasi-2D behavior of these materials. It is worth noting that ∆σ is also sensitive to the superconducting volume fraction; if it were small, ∆σ would be reduced roughly in the same proportion, 40, 41 and the analysis would be inconsistent. However, our results agree with the theoretical approaches by assuming a full superconducting volume fraction. Finally, the specific-heat jump at T c (also directly proportional to the superconducting volume fraction) has been measured in crystals of a similar composition (Co-doped instead of Ni doped). 
Tc dependence of the superconducting parameters
As it may be seen in Fig. 9 , the ξ ab (0) and ξ c (0) values obtained in the above analysis decrease as T c increases. The dependence is more pronounced in the case of ξ c (0), and as a consequence the anisotropy factor presents an steep increase with T c , reaching a value as high as ∼ 30 in crystal #6. This sample presents the highest T c and the smallest La-doping level (0.172) of the studied samples. So it may be concluded that γ decreases for doping levels above the optimal one, that is expected to be about 0.15.
3,5 Such a behavior is opposite to the one observed in Ni-doped 122 single crystals, for which γ was found to increase upon increasing the Ni content above the optimal one.
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The ξ c (0) reduction with the La doping level may be related to a weakening of the FeAs layers coupling. In fact, in the LD model of Josephson-coupled superconducting layers, the c-axis coherence length amplitude is related to the interlayer coupling constant Γ through ξ c (0) = s √ Γ. 44 Then, we may assume that the La doping strongly affects the Josephson coupling between the FeAs layers. This is consistent with recent results on the electronic structure of Ca 0.85 La 0.15 FeAs 2 , where it is concluded that the Ca-La layers not only supply carriers but also tune the coupling between the As chains and the FeAs superconducting layers. 
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The difference with the much larger γ values obtained in our crystals could be attributed to the smaller doping level. In fact, while the La concentration is similar, the Co concentration is half the one of Ni in our crystals, and also the Co valence is smaller than that of Ni.
It is worth noting that the majority of works in the literature obtain the anisotropy factor and coherence lengths from the shift of the resistive transition with H. However, in the present case, the large resistivity rounding due to quasi-2D fluctuations would introduce a large uncertainty (the result would be strongly dependent on the criterion used). In turn, procedures based on the analysis of the angular dependence of the magnetoresistivity around T c in terms of the 3D-anisotropic GL approach, [50] [51] [52] may not be applicable to quasi-2D superconductors.
Quasi-2D behavior
The ξ c (0) value resulted to be significantly smaller than the FeAs layers interdistance, s = 10.34Å. In samples #6 and #11 this leads to a LD parameter well below the onset reduced temperature, so that a 3D-2D transition (a quasi-2D behavior) is observed at accessible reduced temperatures. 53 As commented on in the Introduction, early works suggest a 2D behavior in compounds with even smaller s values, 11-15 but these results are not confirmed in more recent works in the same or similar compounds.
16-22 A 3D-2D transition has been recently proposed in 10-3-8 single crystals (with s = 10.7Å) in Ref. 54 , after the observation of a change in the critical exponent of ∆σ(H = 0) from −1/2 to −1. However, the ξ c (0) value found by these authors is close to s/2, which would be rather consistent with a 3D behavior up to high ε ∼ (2ξ c (0)/s) 2 ∼ 1. It would be then interesting to check whether the seeming 2D critical exponent observed at ε ≈ 0.1 in these compounds can be explained in terms of short-wavelength effects.
The combination of a large anisotropy and a large FeAs interdistance makes accessible the field scale above which 2D vortices would appear in the mixed state ∼ φ 0 /s 2 γ 2 (see, e.g., Ref. 23) . In fact, in crystal #6 this field would be only ∼ 2 T. This makes this compound a possible candidate to study 2D vortex physics in IBS.
VI. CONCLUSIONS
We have presented detailed measurements of the conductivity and magnetization induced by superconducting fluctuations near T c of several high-quality single crystals of the 112 family, in particular Ca 1−x La x Fe 1−y Ni y As 2 with x = 0.17 − 0.20 and y = 0.044 (3) . As compared to the more studied 11, 111, 122 and 1111 families, this compound presents an extra As-As chain spacer-layer that increases the FeAs layers interdistance up to s = 10.34Å, and it is expected to be strongly anisotropic. The data were then analyzed in terms of a generalization of the Lawrence-Doniach model to finite applied magnetic fields and high reduced temperatures through the introduction of a total-energy cutoff. This allowed a precise determination of fundamental superconducting parameters like the in-plane and transverse coherence lengths. The resulting anisotropy factors are among the largest observed in IBS (up to ∼ 30 in the highest T c crystal), and are directly correlated with the T c value. This comes mainly from a significant ξ c (0) dependence on T c , which may be related to a dependence of the interlayer coupling on the La-doping level. In the higher T c crystals ξ c (0) is much smaller than the FeAs layers interdistance, s, leading to a 2D behavior at accessible reduced temperatures. In spite of this, the non-vanishing LD parameter is still consistent with a non-negligible coupling between adjacent FeAs layers, and then between the FeAs layers and the As chains, which seems to be a requisite for the existence of topological superconductivity in these compounds.
It would be interesting to extend our present results to a wider range of La-and Ni-doping levels, and to other IBS families with large FeAs interdistances, like 10-3-8 and 10-4-8 (also with intermediate As layers in the spacer layer), [55] [56] [57] 
